The dual-specificity tyrosine-phosphorylation-regulated kinase 1A (DYRK1A) gene, located on chromosome 21q22.13 within the Down syndrome critical region, has been implicated in syndromic intellectual disability associated with Down syndrome and autism. DYRK1A has a critical role in brain growth and development primarily by regulating cell proliferation, neurogenesis, neuronal plasticity and survival. Several patients have been reported with chromosome 21 aberrations such as partial monosomy, involving multiple genes including DYRK1A. In addition, seven other individuals have been described with chromosomal rearrangements, intragenic deletions or truncating mutations that disrupt specifically DYRK1A. Most of these patients have microcephaly and all have significant intellectual disability. In the present study, we report 10 unrelated individuals with DYRK1A-associated intellectual disability (ID) who display a recurrent pattern of clinical manifestations including primary or acquired microcephaly, ID ranging from mild to severe, speech delay or absence, seizures, autism, motor delay, deep-set eyes, poor feeding and poor weight gain. We identified unique truncating and non-synonymous mutations (three nonsense, four frameshift and two missense) in DYRK1A in nine patients and a large chromosomal deletion that encompassed DYRK1A in one patient. On the basis of increasing identification of mutations in DYRK1A, we suggest that this gene be considered potentially causative in patients presenting with ID, primary or acquired microcephaly, feeding problems and absent or delayed speech with or without seizures.
INTRODUCTION
Intellectual disability (ID) is clinically defined by the childhood onset (prior to age 18) of impaired cognitive functioning (intelligence quotient (IQ) below 70) and limited adaptive skills and behaviors. The causes of ID are heterogeneous and complex, with both environmental and genetic factors well recognized. Most known causes of severe ID are genetic, with about 25% of cases resulting from monogenic anomalies, copy-number variants and chromosomal abnormalities. 1, 2 Efforts to identify causative genes implicated in monogenic forms of ID have produced multiple candidates, with a significant proportion of these genes (4100) mapping to the X chromosome. [3] [4] [5] In recent years, the implementation of highthroughput technologies, such as next-generation sequencing (NGS), array comparative genomic hybridization and single-nucleotide polymorphism (SNP) arrays, has facilitated and expedited the discovery of numerous genes that cause or contribute to various forms of ID. 6, 7 Out of the autosomal genes known to have a role in severe ID, the dual-specificity tyrosine-phosphorylation-regulated kinase (DYRK1A) gene (OMIM 600855) has been one of the most extensively studied. [8] [9] [10] [11] Interest in DYRK1A originated because of its genomic localization within the Down syndrome critical region (DSCR) on chromosome 21q22, a chromosomal region that is presumed to be largely responsible for the neuropathologic abnormalities observed in Down syndrome. 12 DYRK1A exhibits an extraordinarily high degree of protein sequence conservation in animals across all vertebrates, 13 and animal models have been instrumental in determining the functions of the encoded proline-directed serine/threonine kinase. Some of the well-delineated roles of DYRK1A are in neuronal development, particularly in regulating neuronal proliferation, differentiation, plasticity and death. [14] [15] [16] [17] Drosophila mutants lacking the DYRK1A ortholog minibrain (mnb) have reduced brain size and abnormalities of olfaction and vision. 18 DYRK1A haploinsufficiency in mice results in a smaller brain size, developmental delay, 19 decreased motor function, 20 cognitive impairment and adverse stress coping behavior. 21 Patients with partial monosomy 21 or rearrangements that involve DYRK1A and other contiguous genes have been described with phenotypes similar to the ones found in DYRK1A ortholog-deficient animal models including microcephaly, ID and developmental delay. [22] [23] [24] [25] [26] Seven previously reported patients with chromosomal rearrangements, microdeletions or truncating mutations that disrupted specifically DYRK1A had ID, microcephaly, speech delay/ absence and feeding dysfunction. 22, 25, [27] [28] [29] [30] [31] Here, we describe an additional 10 unrelated patients with mutations involving DYRK1A, and further delineate a recurrent pattern of clinical features.
SUBJECTS AND METHODS
Most probands had been previously evaluated with extensive single gene testing, karyotyping, microarray analysis and/or metabolic testing.
Whole-exome sequencing was performed on peripheral blood DNA from patients #1 and #4. The Agilent SureSelect All Exome 50 Mb kit (Agilent Technologies, Santa Clara, CA, USA) was used to capture exomes, and sequences were generated using the Illumina HiSeq 2000 platform (San Diego, CA, USA). Reads were aligned to the February 2009 human reference sequence (GRCh37/hg19) using the NextGENe software (Softgenetics, LLC State College, PA), which was also used to call and annotate small insertions/deletions and SNPs. The resulting variants were filtered to exclude common variants (frequency 45%) present in dbSNP (v.137, 32 1000 Genomes Phase I (v3.20101123) 33 ), ESP-6500 (v.0.0.14; Exome Variant Server, NHLBI GO Exome Sequencing Project, Seattle, WA, USA; http://evs.gs.washington.edu/ EVS/) and an in-house database using the Cartagenia Bench lab NGS platform (Cartagenia N.V., Leuven, Belgium). We prioritized non-synonymous variants with respect to in silico prediction scores obtained from PolyPhen-2, 34 SIFT 35 and Mutation Taster. 36 DYRK1A mutations in patients #2, #3 and #10 were identified using targeted sequencing of coding regions of 217 genes associated with ID or autism. DNA library preparation, enrichment (SureSelect, Agilent Technologies, Santa Clara, CA, USA) and sequencing (HiSeq2500, Illumina) were performed as previously described. 37 Pedigree concordance was checked using highly polymorphic microsatellite markers (PowerPlex 16 HS System, Promega, Madison, WI, USA).
For patient #5, a custom NGS target enrichment system (Agilent SureSelect, Agilent Technologies, Santa Clara, CA, USA) was used to enrich coding and flanking intronic regions of 92 autosomal and X-linked genes known for their association with autism spectrum disorders. A DNA library was prepared using the Fragment Library Preparation 5500 Series SOLiD Systems (Agilent Technologies, Santa Clara, CA, USA) and loaded onto the Applied Biosystems SOLiD 5500 × l platform (Life Technologies, Carlsbad, CA, USA), as per the manufacturer's instructions. Alignment of reads, variant calling, annotating and filtering strategies were performed similarly to those for patients #1 and #4.
Comparative genomic hybridization and SNP oligonucleotide array (CGH +SNP 180 K, Agilent Technologies, Santa Clara, CA, USA) were used to identify the deletion in patient #6. The deletion was confirmed by quantitative real-time polymerase chaine reaction (PCR) analysis using SYBR Green PCR Master Mix (Applied Biosystems, Life Technologies, Carlsbad, CA, USA) with two independent pairs of primers targeting DYRK1A. Relative quantification was performed on a 7900HT Sequence detection system (Applied Biosystems, Life Technologies). Two internal reference sequences were used for normalization.
For patients #7 and #8, mutations in DYRK1A were identified by targeted NGS of 24 genes included in a panel designed for the molecular diagnosis of primary microcephalies. NGS of libraries was performed on a MiSeq platform (Illumina) after multiplex PCR enrichment on a microfluidic Access Array support (Fluidigm, San Francisco, CA, USA). Genetic variation annotation was performed with the IntegraGen in-house pipeline (IntegraGen, Evry, France).
For patient #9, whole-exome capture and sequencing were performed at Integragen (Evry, France) using the SureSelect Human All Exon V5 kit (Agilent Technologies, Santa Clara, CA, USA). The resulting libraries were sequenced on a HiSeq 2000 (Illumina) according to the manufacturer's recommendations for paired-end 76 bp reads. Over 4.8 Gbs of mappable sequences were generated per individual, resulting in a depth of coverage 410X for more than 92.8% of RefSeq-coding exons. Reads were aligned to the human genome reference sequence (GRCh37/hg19) with the Burrows-Wheeler Aligner (BWA, v0.6.2), 38 and potential duplicate paired-end reads were marked using Picard 1.77 (http:// broadinstitute.github.io/picard/). The Genome Analysis Toolkit (GATK) 2.6-4 39 was used for base quality score recalibration, indel realignment and variant discovery (both single-nucleotide variants and indels). Variants were annotated with SeattleSeq SNP Annotation. Rare variants were identified by focusing on protein-altering and splice-site changes present at a frequency below 1% in dbSNP 138 and the NHLBI GO Exome Sequencing Project, and absent from 70 local exomes of unaffected individuals.
All detected mutations and structural variants are described in accordance with the HGVS (Human Genome Variation Society) nomenclature guidelines, and are reported in ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/) as 'pathogenic' or 'likely pathogenic' ( Table 2) . Exon numbering was performed using systematic numbering (as opposed to legacy numbering), numbering the first exon of the respective DYRK1A transcript NM_001396.3 as 1, as recommended. 40 
RESULTS
The clinical findings in all 10 patients are summarized in Table 1 and more details are available in Supplementary Data S1. Seven of the patients were male. At last examination, patients' ages ranged from 2 to 32 years.
Some invariable features were reported in all 10 patients, including intellectual disability, absent/severely limited speech and primary or acquired microcephaly (defined as head circumference two or more standard deviations below the mean for age). 41 Developmental milestones were globally delayed, with independent walking achieved after 18 months and initial words after 18 months in those who acquired speech. Intellectual disability was severe in most cases. Autism was diagnosed in four patients. Seizures were reported in eight patients.
Microcephaly was congenital in 5/10 patients and developed postnatally in the other 5. However, patient #9 with initial congenital microcephaly was found to be normocephalic at her last physical assessment. Other craniofacial findings were frequent, including thin upper lip in 9/10 patients, micrognathia (7/10), large, low-set or malformed ears (6/10), long and flat philtrum (5/10), narrow and pointed nasal tip (5/10) and sparse hair (2/10). Representative facial photographs are shown in Figure 1 . In addition to microcephaly, a general tendency of poor pre-and/or postnatal growth was observed in some patients, with either low birth weight (o − 2 SD, three patients), poor weight gain (o − 2 SD, five patients) and/or short stature (o − 2 SD, two patients). Interestingly, a severe feeding disorder seems to be a prominent feature (9/10 patients), which would explain the observed problems with weight gain.
Vision abnormalities (hyperopia, myopia and exotropia) were found in 6/10 patients, with hyperopia being most common. Lastly, an apparent proneness to infections, generally of respiratory nature and limited to early childhood years, was reported in 4/10 patients.
For 9 of the 10 patients tested (#7's parental samples were unavailable), the mutations occurred de novo (see Table 2 ). Seven patients were found to harbor heterozygous frameshift or nonsense mutations, localized between exons 5 and 9, of DYRK1A (Table 2 and Figure 2 ). Two of our ten cases (patients #4 and #9) had heterozygous, non-synonymous, missense mutations. One of these (c.1036T4C, p. Ser346Pro) affects a highly conserved residue (including in invertebrates) located within the protein catalytic domain and is predicted to be deleterious by three prediction software programs (Mutation Taster: 0.99, Sift: 0 and Polyphen2 HumDiv: 1). The other missense mutation (c.1763C4A, p.Thr588Asn) affects a residue located in the more distal C-terminal portion. This residue is conserved across vertebrates and is predicted to be deleterious by two out of three prediction software programs (Mutation Taster: 0.99 and Polyphen2 HumDiv: 0.9; Sift: 0.21, ie tolerated).
Patient #6 from this study has a heterozygous 1.7 Mb interstitial deletion that includes DYRK1A and an additional 11 genes (SIM2, HLCS, RIPPLY3, PIGP, TTC3, DSCR3, KCNJ6, DSCR4, DSCR8, KCNJ15 and 3ʹ end of ERG; see Table 2 ). Heterozygous deletion of these other 11 genes did not appear to increase the severity of this patient's phenotype.
Overall, no specific genotype-to-phenotype correlation could be drawn from these patients. For example, patients with missense mutations or truncating mutations near the terminal end of the gene did not present with milder phenotypes as compared with patients harboring early-truncating DYRK1A mutations or large deletions encompassing several genes. DISCUSSION DYRK1A has received attention in the past decade because of its association with early-onset cognitive impairment resulting from complete or partial duplication/deletion of chromosome 21. Here, we report 10 novel patients with mutations affecting DYRK1A, compare them with those previously described and highlight recurrent clinical manifestations in those patients.
Remarkably, all patients with DYRK1A-associated ID from this and previous studies present with similar clinical manifestations, regardless of the type of mutation affecting DYRK1A function. This study expands the spectrum of genetic aberrations affecting the DYRK1A locus that have been described to date, which now includes large deletions, chromosomal translocations and truncating and missense point mutations.
Given the locations of the observed missense mutations along with the associated patients' phenotypes (eg similar to patients carrying null mutations), it is likely that these are loss-of-function mutations that alter protein folding and/or the protein's kinase activity. 42, 43 The truncating mutations described in this study presumably promote nonsense-mediated decay of the DYRK1A mRNA. All point mutations (non-synonymous and truncating mutations) affect residues widespread within the protein, located either in the DYRK1A-protein catalytic domain or the DYRK1A-C-terminal portion.
There are a number of reported cases with large deletions or chromosomal translocations disrupting the DYRK1A locus. [22] [23] [24] [25] [26] Most of these patients exhibited a constellation of phenotypes with variable severity, which could be explained by the deletion of additional genes from 21q or imbalances in other regions of the genome. For example, two previously reported cases have chromosomal translocations with breakpoints within DYRK1A. 22 Although these two patients shared many similar clinical features, such as microcephaly and feeding difficulties, one of them was more severely affected with more severe developmental delay, features attributed to a chromosomal breakpoint within the LRP1B gene and duplication of a region at Xp22 including the GEMIN8 gene. In our study, a microdeletion of DYRK1A and surrounding genes did not seem to influence the severity of the patient's (#6) phenotype, providing further evidence that DYRK1A is the primary gene within the DSCR that is responsible for the clinical features reported in patients with DYRK1A-associated ID.
Despite the phenotypic variability apparent in patients with DYRK1A-associated ID, there are five cardinal clinical features that are found almost universally among patients with DYRK1A mutations. DYRK1A mutations produce a recurrent phenotype LM Bronicki et al Table 2 Types of DYRK1A mutations identified in the present study DYRK1A mutations produce a recurrent phenotype LM Bronicki et al
These include moderate-to-severe ID (100%), absent or delayed speech (100%), primary or acquired microcephaly (94.1%), feeding issues (93.3%) and seizures (87.5%). The prevalent appearance of these clinical features supports the essential roles of DYRK1A in brain development and function. DYRK1A has been shown to positively regulate brain size by controlling neuronal precursor proliferation, neuronal differentiation and synaptogenesis and survival, particularly in the optic lobes, superior colliculus, central brain hemispheres and hippocampus. 18, 19, 21, 44, 45 The reduced brain size may be partially explained by the dual role of DYRK1A in inhibiting the proliferation of neuronal progenitors via suppression of NOTCH signaling and Cyclin D1 while also promoting neurogenesis by stabilizing the cyclindependent kinase inhibitor p27 (KIP1) . 46, 47 In addition, DYRK1A interacts with the microtubule and actin cytoskeletal networks to regulate neurite outgrowth and synaptogenesis. [48] [49] [50] Through these mechanisms, haploinsuffciency of DYRK1A presumably leads to augmented neuronal precursor proliferation and apoptosis, decreased neurogenesis and abnormal neuritogenesis. A molecular mechanism that may explain the suppressed appetite in patients with DYRK1A-associated ID has recently been elucidated in flies and mice. Dyrk1A is part of a positive feedback loop that regulates neuropeptide Y levels and consequently food intake. 51 Although many of the five principal clinical features found in patients with DYRK1A defects are also typically present in a number of other monogenic (eg Rett, Christianson and FOXG1 syndromes) and chromosomal disorders (eg 1p36 deletion syndrome), patients with DYRK1A-associated ID can be distinguished based on other commonly observed manifestations. Often these patients also present with thin upper lip vermilion border (86.7%), deep-set eyes with somewhat full/hooded upper lids (85.7%), stereotypies (80%), hyperopia/myopia (77.8%), clumsy or incoordinated movement (75%), and micrognathia (71.4%). The appearance around the eyes and noses of some cases is reminiscent of the velocardiofacial syndrome due to microdeletion at 22q11.2. (Figure 1 , cases D, E and G)
In conclusion, this study describes nine unrelated patients with disease-causing point mutations in DYRK1A, and one with similar phenotypic features caused by a microdeletion involving this gene. Together with previously described cases, these findings produce a more detailed picture of the recurring phenotype and types of mutations in patients with DYRK1A-associated ID. Given the increasing frequency of identification of mutations in DYRK1A, we suggest that this gene be considered potentially causative in patients presenting with intellectual disability, primary or acquired microcephaly, feeding problems and absent or delayed speech with or without seizures. Figure 2 Schematic depicting the approximate locations of all the truncating and missense mutations, deletions and chromosomal rearrangements affecting DYRK1A (NM_001396.3). Truncating and missense mutations (gray stars), translocation breakpoints (lightning symbols) and microdeletions (rectangles) of the previously published cases with DYRK1A syndrome. Black-colored stars represent the approximate location of mutation sites within the DYRK1A locus of patients presented in this paper. Idiogram of human chromosome 21 (GRCh37/hg19 assembly) was obtained from the UCSC genome browser website. 52 
